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Abstract

Arsenic is a prevalent environmental toxin and a Group one human carcinogenic agent. Chronic arsenic exposure
has been associated with many human diseases. The aim of this study is to evaluate zebrafish as an animal model
to assess arsenic toxicity in elevated long-term arsenic exposure. With prolonged exposure (6 months) to vari-
ous concentrations of arsenic from 50 ppb to 300 ppb, effects of arsenic accumulation in zebrafish tissues, and
phenotypes were investigated. Results showed that there are no significant changes of arsenic retention in zebrafish
tissues, and zebrafish did not exhibit any visible tumor formation under arsenic exposure conditions. However, the
zebrafish demonstrate a dysfunction in their neurological system, which is reflected by a reduction of locomotive
activity. Moreover, elevated levels of the superoxide dismutase (SOD2) protein were detected in the eye and liver,
suggesting increased oxidative stress. In addition, the progenies of arsenic-treated parents displayed a smaller
biomass (four-fold reduction in body weight) compared with those from their parental controls. This result indicates
that arsenic may induce genetic or epigenetic changes that are then passed on to the next generation. Overall, this
study demonstrates that zebrafish is a convenient vertebrate model with advantages in the evaluation of arsenic-
associated neurological disorders as well as its influences on the offspring.

Introduction

Association of arsenic exposure with adverse
human health

Arsenic is a prevalent environmental toxic substance
which leads to various human disorders. Humans are

exposed to arsenic mainly through dietary food and water. In
some areas, drinking water is the major source of arsenic ex-
posure. For example, in Bangladesh, epidemiological arsenic
exposure through drinking water has been considered the
largest poisoning of a human population in history.1 Clinical
reports from cohort studies in epidemic arsenic-contaminated
areas disclosed that long-term exposure of high arsenic in
drinking water is closely associated with a range of disorders,
including skin lesions, cancers, hypertension, neurological
symptoms, and heart diseases.2–10 The Agency of Toxic
Substances and Disease Registry (ATSDR) publically stated
that arsenic is the causal agent for the following disorders
during prenatal and childhood exposure: impaired fetal de-
velopment, low birth weight, fetal malformations, fetal death,
blood vessel damage, lower IQ, reduced nerve function, and a
possible increase in mortality in young adults (ATSDR 2007).

Arsenic in tap water has been set at a limit of 10 ppb (10
parts per billion, or 10 lg/L) by WHO and EPA, which re-

flects a reduction from 50 ppb before 2004. This new standard
has been enforced in developed countries, but in developing
countries people have been consuming arsenic far above this
limit.11–13 For example, arsenic levels in drinking water is
over 100 ppb in many areas in Bangladesh.14 Currently, many
epidemic studies have carried out investigation of diseases
associated with arsenic exposure. Nevertheless, the treatment
of arsenic-associated symptoms has remained challenging for
the foreseeable future.

To investigate the relationship between human disorders
and arsenic exposure, arsenic poisoning animal models such
as rodent models have been constantly used.15 Currently,
most studies using rodent models adopt a short-term exposure
to mimic acute arsenic poisoning. However, the development
of certain human disorders often requires years of arsenic
exposure. Thus, a long-term exposure at sublethal arsenic
concentrations is very useful for the assessment of chronic
arsenic toxicity as well as the development of novel pre-
vention and therapy.

Mechanisms of arsenic toxicity
and biotransformation in vivo

There are two biologically important oxidation states of
inorganic arsenic: As(V) (arsenate) and As(III) (arsenite).
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As(V) is reduced in the cellular environment to the more toxic
trivalent form As(III). Many intracellular thiol-containing pro-
teins are highly reactive to arsenic, therefore, arsenic can alter
the function of these molecular targets involved in essential
cellular processes. Some arsenic targets includes metallothio-
neins, transcriptional factors, and metabolic enzymes.16 The
human liver is the primary organ of arsenic accumulation
through aquaglyceroporins, where these inorganic arsenicals
can be further metabolized into a profile of methylated organic
arsenic, including MAs(V) and DMAs(V).17 Recent studies
reveal that humans, rodents, and zebrafish share a high degree of
evolutionary conservation in arsenic metabolism.18–20 These
findings validated that zebrafish can be a convenient aquatic
vertebrate model closer to human conditions in the studies of
arsenic metabolism and toxic effects.

Long-term arsenic exposure in animal models

A good experimental animal model is necessary to be
applied in the translation of arsenic toxicity-induced clinical
manifestations. The effects of long-term arsenic exposure,
induced pathogenicity, and carcinogenicity have been in-
vestigated in multiple rodent models.15 However, many ex-
periments conducted with the rodent models have been
jeopardized by several confounding factors. For instance, the
metabolism of arsenic in rats is inconsistent with the human
metabolism for the following reasons: (1) arsenic remains in
the blood circulation of rats longer than that of humans; (2)
arsenic is accumulated in erythrocytes of rats; (3) arsenic is
methylated more extensively and excreted in the urine at a
much slower rate in rats. As a result, rats are more susceptible
to arsenic-induced cytotoxicity and tumorigenicity when
compared with humans.21–23 On the other hand, other fre-
quently used animal models, like mice and rabbits, are known
to excrete double the amount of arsenic a human would. This
difference in arsenic excretion indicates that the potential
regulation of the intracellular arsenic metabolism may con-
tribute to dissimilar arsenic-induced abnormalities and di-
verse variation in susceptibility to arsenic toxicity among
these animal models.15,21,24 Therefore, an alternative model
organism, like zebrafish, could potentially provide a better
simulation of arsenic-induced human pathologies, and elu-
cidate arsenic toxicity accurately.

Zebrafish as a new animal model to simulate
arsenic-associated human diseases

Zebrafish (Danio rerio) has been used in scientific research
for decades and its entire genome has been mapped and as-
sembled. Zebrafish is a teleost vertebrate native to the fresh
water springs of India, where arsenic concentration is high.
Compared with other vertebrate models, zebrafish is relatively
inexpensive to maintain in the laboratory environment for
multiple generations.25,26The caveat of using zebrafish models
for arsenic toxicology studies is that arsenic is water soluble,
thereby, allowing it to simply dissolve in the tank water can
generate a uniform and well-controlled arsenic-exposed en-
vironment. Our goal in this study was to establish zebrafish as
an alternative aquatic model organism to evaluate arsenic
toxicity, and simulate arsenic-induced human pathogenicity.

In this study, we examined the pathogenic response to
chronic arsenic exposure and found that arsenic-treated zeb-
rafish demonstrated altered cardiac and neurological function

as well as adverse impacts on their progeny. In response to
arsenic exposure, zebrafish displays increased antioxidative
capacity against arsenic toxicity. In summary, zebrafish can be
used as a convenient model in the elucidation of chronic ar-
senic toxicity in cardiovascular and neurological disorders,
and process advantages in the studies of arsenic toxicity in
reproduction and effects on offspring.

Materials and Methods

Establishment of adult zebrafish with chronic
arsenic exposures

All fish studies were approved by IACUC of Oakland
University.

Wild-type zebrafish were spawned in the morning, and
their fertilized embryos were collected early that afternoon.
The embryos were divided into separate but equal numbered
groups, immediately cleaned, and cultured in static rearing
buffer (15 mM NaCl, 0.5 mM KCl, 1 mM MgSO4, 1 mM
CaCl2, 0.15 mM KH2PO4, 0.05 mM Na2HPO4, 0.7 mM NaH-
CO3, and 10%–5% Methylene Blue; pH 7.5) at 25�C–28.5�C
with inorganic arsenite reflecting the desired concentration to
be continuously applied. One group served as an untreated
control and was cultivated under identical conditions to the
arsenic-treated group(s), but was exempted from exposure.
The rearing buffer was changed on a diurnal schedule until the
embryos were mobile larva. At the larva developmental stage,
the fish were fed three times per day with equal amounts
of filtered paramecium. When the fish began to eat, the buffer
was changed and replenished weekly. After 2 weeks on a
paramecium-only diet, the juvenile fish were placed on a
growth-encouraging dietary regimen of brine shrimp 2 times
per day and the rearing buffer levels were increased to 1 L. All
fish were allotted a 1-week period of time to acclimate to the
increase in pressure ensuing from the increase in rearing buffer
volume. At this point, the fish were 32 days postfertilization
(dpf), and the buffer was replaced with tap water, which had
been oxygenated and temperature regulated the previous night.

A static water facility was adopted for chronic toxicology
studies and implemented a maximum adult zebrafish density
of 5 per 1 L of liquid (water or rearing buffer). All treatment
conditions were exposed to the same light–dark cycles, types
of food, amount of food, and feeding times in the same heated
water baths. The water columns and treatment conditions for
each study (at least 1 untreated control and 1 arsenic-treated
group) were recycled and replenished weekly on the same
day, using the same method by the same researcher. Fish
densities were regulated and equally sustained for each
conditional group throughout the course of the studies, and
observations were recorded. Chronic toxicology studies, in-
cluding data processing were conducted for 6 months as the
longest duration of continuous arsenic exposure on living
zebrafish. The adult fish were then rinsed for 2 h in deionized
water, euthanized with 0.3 mM Tricaine (Sigma), and spec-
ified tissues were harvested according to the specific study
they were sacrificed for.

The effects of arsenic exposure on the cardiovascular
system in zebrafish larvae

Wild-type embryos were collected promptly following
fertilization and immediately exposed to the following
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concentrations of arsenic (as sodium arsenite, As(III)): 0, 50,
100, 300, and 500 ppb. The embryos were subjected to
treatment conditions upon fertilization to ensure examination
of arsenic exposure-induced effects on organogenesis, for-
mation of the vascular system, the nervous system, and
hatchling to larval development (about 72 h). Resting heart
rate was visually monitored with a dissection microscope at
1-min intervals. In total, 10 times counting was performed
and beats per minute was calculated by average of these 10
times counting. Experiments were performed at the same
time of the day for each condition. The larvae were allocated
30 min to acclimate to the examination conditions before data
collection. N = 3 was adopted for each group, and for each
individual fish.

Arsenic retention in adult zebrafish tissues
measured by ICP-MS

Tissue distribution as a result of arsenic exposure was
evaluated following 6 months of treatment with arsenic in
untreated control, 50, 100, and 300 ppb arsenic-treated
groups, as described above. Each treatment group consists of
five zebrafish, and the following tissues from those fish were
harvested: the liver, brain, gill, eyes, skin, and muscle and
individually digested in nitric acid (70%) for arsenic quan-
tification. Instead of consolidating identical treatment tissues,
testing every tissue individually ensued five data sets for each
tissue for all conditions investigated and allowed us to derive
standard errors. After digestion, samples were dissolved in
HPLC water and quantified by ICP-MS (Inductively Coupled
Plasma–Mass Spectrophotometer, PerkinElmer, NexION
300). Arsenic retention in each tissue is derived as ng arsenic/
mg tissue.

The effect of arsenic exposure on adult zebrafish
neurological system determined by locomotion assay

To evaluate the effects of chronic arsenic exposure on the
neurological system of adult fish, a locomotion assay indi-
cated by swimming behavior in zebrafish was adopted.27–30

Fish were exposed to arsenic treatment at 6 months of age and
subjected to these treatment conditions throughout their
lifespan. The three treatment conditions analyzed in this
study consisted of the untreated control, 100 ppb, and 300 ppb
arsenic exposure and each condition had two additional
replicate groups, which were also evaluated (N = 10). Fish
were housed in their typical 2-L beakers containing 1 L of
water. During this 3-week study, the beakers (with the fish)
were placed on a flat undisturbed surface, the fish groups
were visually isolated from one another and their water was
changed weekly, subsequent to recoding locomotion data
pertaining to that week.

All the zebrafish treated with the three conditions were
recorded by the same person to avoid human variation. A
permanent line was placed on the mid section of the water
level on each beaker. Each time a fish crossed the midsagittal
plane of this water column, it was recorded. Data were col-
lected for each treatment group and all replicate groups under
identical conditions and at the same time of day, at 1 min
intervals throughout a 10-min period, 3 days per week, and
for 3 consecutive weeks. Data obtained from each condition
and its replicate sets were pooled together and a standard
error was calculated.

Evaluation of oxidative stress status in adult zebrafish
with chronic arsenic exposure determined
by western blotting

The status of oxidative stress (OS) in arsenic-treated fish
was investigated indirectly by western blotting with an an-
tibody (GeneTex; GTX124294) against superoxide dis-
mutase, SOD2. SOD2 belongs to an antioxidant defense
system located within the mitochondria. It destroys super-
oxide anion radicals by binding to the generated reactive
oxygen species (ROS) and converting them into hydrogen
peroxide and stable diatomic oxygen.31

The investigated conditions included an untreated control
and a 300 ppb sodium arsenite-treated group. At 6 months of
age, zebrafish from both treatment conditions were eutha-
nized with 0.3 mM Tricaine, then eye, liver, skin, and muscle
tissues were harvested (tissues from three fish were pooled as
one sample). SDS-PAGE was used to resolve the proteins
within the samples. The gel containing the separated proteins
was then transferred onto a polyvinylidene difluoride mem-
brane followed by western blotting.

Body weight of progeny from arsenic-treated
and untreated parents

To determine the effect of arsenic on the growth of prog-
eny, adult zebrafish, 6 months of age that had been raised in
300 ppb arsenite since fertilization, were interbred. The un-
treated control fish that served as the point of reference for the
6-month-old arsenic-exposed fish, and were also cultivated
under identical conditions were also interbred. The fertilized
embryos from the arsenic-exposed parents and those from
the untreated control parents were collected the same day
and raised under identical standards, and neither progenies
were subjected to arsenic exposure. When the offspring had
reached 3 months of age they were treated with anesthetic and
individually weighed in grams. The body weight was derived
for each progeny with or without parental arsenic exposure.
N = 15 was adopted for each group.

Results

The tissue arsenic retention was not significantly
altered after exposure

To monitor arsenic retention in zebrafish tissues after
chronic arsenic exposure, various tissues were isolated from
zebrafish exposed to 50, 100, and 300 ppb arsenite along with
the untreated control group at 6 months. Tissues, including
liver, brain, gill, eye, skin, and muscle, were individually
harvested, processed, and analyzed by ICP-MS for quanti-
fying arsenic levels. Arsenic content appeared relatively low
or undetected in brain, gill, and muscle, whereas it was ob-
served higher in the liver, eye, and skin (Fig. 1). Unlike ro-
dents and humans, whose liver is the organ with the highest
arsenic retention, zebrafish showed higher retention in not
only the liver, but also eye and skin. The higher arsenic re-
tention in eye and skin is likely due to absorption through
direct contact with arsenic in water. Our results also showed
that there is no further increase of arsenic retention in tissues
at high arsenic concentration (>100 ppb). As zebrafish is na-
tive to rivers of India that naturally contains high levels of
arsenic, it is possible that these animals have developed ef-
flux mechanisms, which enable them to tolerate continuous
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arsenic poisoning. Large standard errors were observed in the
experiments, which could be caused by smaller tissue size and
lower arsenic reading.

Arsenic exposure elevated resting heart rates
in larva zebrafish

Arsenic exposure has been linked to cardiovascular dis-
orders and heart diseases.32 To investigate the heart function
in sublethal arsenic-exposed zebrafish larvae, promptly fer-
tilized wild-type embryos exposed to varying concentrations
of arsenite from conception were examined for heart rates.
Arsenic-treated zebrafish showed increased resting heart
rates during the larval developmental stage (juvenile) when
compared with the untreated negative control group (Fig. 2).

In addition, arsenic-induced resting heart rates increased in a
concentration-dependent manner, and the highest arsenic
concentration examined was 500 ppb. The larva heart rates
from that group were increased by approximately 50%
compared with those of untreated fish (Fig. 2).

Chronic arsenic exposure disturbed neurological
behavior in adult zebrafish

Previous studies have indicated that chronic arsenic poi-
soning is associated with neuropathies.33 To investigate the
effects of chronic arsenite exposure (6-months) on neuro-
logical functions of zebrafish, embryos were collected and
exposed to arsenic at 100 ppb and 300 ppb along with an
untreated control cultivated under identical conditions.
Neurological functions were determined by a well-adopted
approach, which evaluates the locomotion of zebrafish. Lo-
comotion was manually recorded as described. We used both
a scatter plot and a bar graph to represent their standard de-
viations, as shown in Figure 3. Compared with the untreated
control group, both the 100 ppb and 300 ppb arsenic-treated
zebrafish displayed significantly reduced locomotion in a
concentration-dependent manner, a sign of neurological
pathology.

Chronic arsenic exposure upregulated SOD2
expression in eye and liver

The toxicity of arsenicals to biological systems is con-
tributed partly from enhanced OS.34 Antioxidative enzymes,
such as superoxide dismutase (SOD), detoxify excess ROS to
maintain intracellular redox homeostasis. SOD2 encodes the
mitochondria superoxide dismutase. It is a natural ROS
scavenger and supposed to be highly expressed in tissues
where arsenic exposure increases OS. To determine whether
chronic arsenic exposure induces a redox imbalance, the
protein levels of SOD in zebrafish were examined. Zebrafish
treated with 300 ppb arsenic, along with untreated control,
were used to quantify SOD2 expression. The result shows
that SOD2 was identified at 25 kDa, and expressed most
extensively in the liver and eye tissues of the 300 ppb arsenic-
treated group (Fig. 4). Two other tested tissues, muscle and
skin, did not show any visible elevation in the arsenic-treated
fish (data not shown). This proof-of-concept study establishes
the upregulation of SOD2 expression in the liver, because it is
the primary site for arsenic accumulation in humans, and it
appears that zebrafish share this characteristic.

Parental arsenic exposure decreased the body
mass of progeny

To determine whether the progeny from arsenic-treated
parents were affected, we bred the fish from the arsenic-
treated pool along with untreated controls. The progeny of
each group were raised without treatment. Our results dem-
onstrate that after a 3-month culture, the biomass of the
progeny derived from the 300 ppb parental arsenic treatment
group have about 75% less than those from the untreated
control parents (Fig. 5).

Discussion

The scientific community has been aware of the di-
lemma regarding low-dose chronic arsenic exposure and its

FIG. 1. Total arsenic retention in zebrafish tissue after chronic
arsenic exposure to 50, 100, 300 ppb, and untreated control.
Zebrafish were exposed after fertilization for continuous 6
months under concentrations indicated. Tissues were isolated at
endpoint and processed for total arsenic quantification. N = 5 is
used for statistics. SEM is calculated using SigmaPlot 10.0.

FIG. 2. Arsenic treatment of zebrafish larvae increased
heart rate in a concentration-dependent manner. Zebrafish
eggs were exposed to 50, 100, 300, 500 ppb sodium arsenite
till hatched (3 days after fertilization) along with an un-
treated control. The rate of resting heart beats was recorded.
N = 3 is used for statistics. **p < 0.01
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associations with induction of human pathogenicity and
carcinogenicity for decades. Extensive research has been
conducted with several animal models, including rodents,
which have enlightened and demystified the field of arsenic
toxicology.23 Although rodent models share analogous ar-
senic metabolism to humans, many reports are concerned that
these models remain a certain degree of inconsistency with
humans, and are costly. Mice for instance, excrete double the
amount of arsenic that has been reported in humans.35 In rats,
ingested arsenic remains in the blood significantly longer
than in humans.15 Rats also methylate arsenic more exten-
sively and generate methylated metabolites that are uncom-
mon in human cohort studies.22,36,37

On the other hand, rodent models have limitations in the
study of neurological disorders as well as its impact on their
progenies. It has been known that behavioral studies using
maze in mouse model have significant individual difference,
and is also labor extensive. It is also a challenge to study
arsenic impact on the next generation while maintaining the
resemblance of arsenic administration to human arsenic ex-
posure. When using these models, significant individual
differences are frequently noticed. For instance, when mice
are used to investigate chronic arsenic exposure, the arsenic is
typically dissolved in their water supply, but it is nearly
impossible to generate uniform exposure conditions among
different mice subjects. Moreover, individual water con-
sumption can vary significantly between mice of the same
strain and the variation is more drastic between mice of two
different strains.37 Another limit of using rodent model is the
rising cost when a larger population of animals is desired,
such as performing large-scale drug screening to seek for
better treatment or prevention for countering arsenic toxicity.

A preponderance of experimental designs and confound-
ing factors demand a new model organism to investigate
chronic arsenic toxicity with precision and ease for simula-

tion of arsenic-induced aberrations in human physiology. In
this study, we propose to use zebrafish as a feasible and al-
ternative animal model in the simulation of chronic arsenic
exposure. Advantages in using the zebrafish model include its
short lifespan, easiness of longer exposure, convenience in
examination of neurological disorders through locomotion,
and studies on the progeny.

Our past works support that the zebrafish model is useful
for the investigation of chronic arsenic-induced abnormali-
ties that are indicative of human response. It is evident that
arsenic detoxification pathways in zebrafish include transport
for inorganic arsenic through aquaporins and phosphate
transporters, and arsenic methylation by methyltransferase.
All these pathways share similar molecular mechanisms to
humans. The tissue retention and arsenic metabolomic pro-
filing are also consistent to that in humans.19,20

Significant human pathology that is associated with arsenic
exposure includes multiple types of cancers. How arsenicals
cause cancer has been postulated. One of the theories is that
the initial biological response to arsenic toxicity is the sig-
nificant increase of free radicals, such as ROS and reactive
nitrogen species,38 which can modify intracellular macro-
molecules such as ribonucleic acids, proteins, and lipids.
Consequently, these free radical-induced damages cause
aberrant cellular processes. Natural defense against free
radicals in biological systems are antioxidants and enzymes
with antioxidant properties such as glutathione peroxidase,
superoxide dismutase, and catalase.39,40 Thus, the status of

FIG. 3. Locomotion of adult
zebrafish with prolonged arse-
nic treatment at 100 ppb and
300 ppb conditions. (A) Loco-
motion of individual zebrafish
was recorded. Each data point
collected represents each time
a fish crossed the midsagittal
plane of the water column. (B)
Statistical results that are cor-
responding to (A). N = 10 for
each condition. **p < 0.01

FIG. 4. Expression of SOD2 in zebrafish eyes and liver
with arsenic exposure to 300 ppb along with untreated con-
trols. Western blotting is performed with antibody against
zebrafish SOD2 (25 kDa). b-actin serves as a loading control
expressed in tested tissues.

FIG. 5. Biomass of progeny derived from arsenic-treated
parents were significantly lower than untreated control. Pro-
genies are cultured from arsenic-treated parents along with
untreated control. The 3-month-old offsprings were weighed
and compared in body weight. N = 15 and **p < 0.01
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these antioxidant proteins are often applied as surrogate
markers in the assessment of OS, which could also serve as an
indication of precancer condition.

In this study, no solid tumors have been identified in the
arsenic-treated fish. The state of OS was altered in certain
tissues, such as eye and liver, by using mitochondrial SOD2
as a biomarker. A multitude of laboratories have published
evidence for an increase in ROS succeeding arsenic expo-
sures, for example, low dose of arsenic exposure induce OS in
the zebrafish brain.41 Therefore, it is logical to anticipate
elevated SOD2 levels in the liver, where the majority of ar-
senic is accumulated. Eye is another organ where SOD2 is
detected. There is no difference in SOD2 expression detected
in skin and not much SOD2 is expressed in muscle (data not
shown). The generation of arsenic-induced ROS have been
actively involved in DNA damage, cell death, neurological
disorders, diseases, and cancers in human.34,39,42 Thus, in-
creased OS may be indicative of a precancerous condition in
zebrafish with chronic arsenic exposure.

Our results showed that arsenic exposure increased zeb-
rafish larvae heart rates in a concentration-dependent manner.
This observation not only serves as a potential fast approach to
monitor water quality, but it also indicates that arsenic exposure
directly interferes with cardiovascular function. In a 2009 report,
ATSDR stated that chronic arsenic exposure may cause adverse
cardiovascular effects, including cardiovascular disease. A re-
cent clinical study consisting of 10,519 men and 11,334 women
reported that elevated resting heart rate is an independent risk
factor for cardiovascular disease in healthy populations.43

In 2003, Lee and associates published in vitro and in vivo
findings obtained from the rat model that arsenic exposure in-
hibits acetylcholine’s relaxation effects on blood vessels in a
concentration-dependent manner. The authors’ proposed rea-
soning was arsenic-induced impairment of vasomotor tone as a
contributing factor in the onset of cardiovascular disease asso-
ciated with arsenic exposure.44 It is possible that the treated
larva also experienced an increase in resting heart rate as a result
of arsenic-induced impairment of vasomotor tone.

Moreover, our results showed zebrafish exposed to arsenic
for a prolonged term (one third of their lifespan) acquired
neurological abnormalities. These findings are consistent
with reports on humans that are chronically exposed to sub-
lethal doses of arsenic. According to ATSDR, the sublethal
dose of chronic arsenic exposure can cause neurological
disturbances, including muscle cramps, muscle tenderness,
numbness, paresthesia, encephalopathy, and the most com-
mon effect sensory-predominant peripheral neuropathy in a
‘‘stocking and glove’’ pattern (ATSDR 2009). Neurological
disorders were also observed in rodents. For example, studies
in rodent models have provided evidence to indicate that
arsenic exposure influences several behaviors and systems
related to aspects of memory, learning, motor function, and
locomotion.45 Upon chronic exposure to arsenic, rats show
significant memory impairment during the Morris water
maze test46–48 as well as decreased learning ability on novel
object exploration.49 On the other hand, mice exposed to
chronic low-level arsenic exhibit gender-specific and dose-
dependent alterations on spontaneous locomotor activity,50

while the mobility is reduced in rats.51,52 The neurological
impact on early developmental stage attract attention also
because arsenic has been detected in baby rice cereal, which
form the major arsenic exposure source.

There are two different types of peripheral nerves, sensory
and motor. Sensory nerves have a critical role in processing
feelings such as pain, temperature, touch, and position. Motor
nerves assist in the maintenance of muscle tone and are ac-
tively involved in physical movement. Findings, such as re-
duction of locomotive activity upon arsenic exposure, imply
arsenic-induced irregularities within motor nerves in zebrafish.
Compared with rodent model, locomotion studies in zebrafish
possess advantages in easiness, low cost, and maintenance, and
zebrafish can also be monitored in larger populations.

Zebrafish externally fertilize their oocytes, which provides
a direct approach to study the impact on their progeny upon
parental administration. In rodents, it was reported that ar-
senic has spermatotoxicity in animals,53,54 and also inhibits
testicular steroidogenesis, ovarian steroidogenesis, and go-
nadotrophin secretion,55 and reduces the weight of the testes
and accessory sex organs.56 In humans, several epidemio-
logic studies have reported that arsenic exposure in utero
increased spontaneous abortion and stillbirth and decreased
birth weight.57–59 The ATSDR toxicological profile for ar-
senic states that chronic exposure to arsenite through drinking
water has been associated with excess incidence of miscar-
riages, stillbirths, preterm births, and infants with low birth
weights (ATSDR 1998). Despite these studies to demonstrate
the multitargeting properties of arsenic, the inherited defects
from parents have not been reported. Our results showed that
the offspring of parental zebrafish chronically exposed to
arsenic have significant lower body mass. Thus, we provide
the first evidence that zebrafish could be an ideal model in
simulating those birth defects and inheritable damages to
progeny due to chronic arsenic exposure, a field that has not
drawn sufficient attention.

Zebrafish model might not be a perfect model to simulate
all arsenic-associated human disorder, particularly cancers,
but it shows promising properties in the assessment of human
pathogenic responses to chronic arsenic exposure such as
prenatal exposure, and neurological and cardiovascular dis-
orders. It also possesses advantages in large-scale screening
for treatments and preventions. Multiple studies will com-
mence involving the offspring of the chronically exposed and
untreated control zebrafish parents comprising: their overall
intelligence, effects on specific organ systems, reproduction,
and their entire developmental process. The carcinogenicity
of arsenic can be done in p53 mutant fish with similar ex-
posure studies. Further exploration of arsenic-induced pa-
thologies will include its involvement as a cocarcinogen in
combination with ultraviolet light exposure.
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